The objectives of this study were to measure the unsteady fluid force acting on the trunk of a swimmer using the 'swimmer mannequin robot' and to model the fluid forces based on the formulation of the swimming human simulation model SWUM, which was developed by the authors' group. The swimmer mannequin robot consisted of a swimmer mannequin and a driving mechanism. The scale of the swimmer mannequin was 1/2 (half scale) and the three-dimensional shape of an athlete swimmer taking the gliding position was reproduced in detail. The driving mechanism could move the mannequin in the pitching, heaving and rolling motions. Using the swimmer mannequin robot, the trunk motions of four strokes (crawl, breast, back and butterfly) were reproduced, and the unsteady fluid forces acting on the mannequin were measured by the dynamometers installed in the robot. On the other hand, the swimmer mannequin was modeled using the swimming human simulation model SWUM. The fluid force coefficients in the model were identified so that the simulated fluid forces became as consistent as possible with the experimental ones for each stroke case. The identified coefficients were then unified into ones which can be used for all cases. It was found that the precision of the model almost did not decrease as a result of the unification. It was also found that the overall performance of the simulation using the determined fluid force coefficients to predict the time variation of the fluid forces was satisfactory.
Introduction
In competitive swimming, the thrust produced by the four limbs is balanced with the drag acting on the other parts of the body, such as the trunk. Therefore, the characteristics of the drag acting on the trunk is important as well as the thrust by the limbs. The characteristics of the drag acting on a swimmer's whole body, including the trunk, have been studied by many researchers. In the early stage, the stationary drag acting on a swimmer who takes the gliding position was investigated. This drag was called "passive drag." At the next stage, the dynamic drag acting on a swimmer during swimming drew the attention of researchers. This drag has been called "active drag." To date, the various attempts to measure active drag have been made. Kolmogorov and Duplishcheva 1) estimated it by an experiment in which an additional hydrodynamic body was towed by a swimmer. Toussaint et al. 2) utilized the 'MAD system' for this purpose, in which a swimmer pushed the fixed paddles in water to propel instead of stroking. Takagi et al. 3) developed an innovative method in which a swimmer fixed to a circulating tank by a harness swam at various flow speeds. In these experimental methods, the subjects of actual swimmers were basically employed. In such experiments, the dispersion due to individuals and the bias due to the physical limitations of the subjects sometimes caused problems. Therefore, the problem of the active drag still has room for the development of alternative experimental methods and further examination from various different viewpoints. As an alternative experimental method, the robotic approach can be cited. Takahashi and Nakashima 4) measured the unsteady fluid forces acting on the limbs during swimming using a robot arm. When a robot is used for an experiment, the above-mentioned problems according to using actual subjects are not likely. However, there is no example to measure the dynamic drag acting on the whole body including the trunk using a robot. Therefore, the first objective of this study was to measure the unsteady fluid forces acting on the trunk of a swimmer using the 'swimmer mannequin robot.' This robot consisted of a swimmer mannequin and its driving mechanism. In the swimmer mannequin, the 3D shape of an actual swimmer was reproduced in detail, although the mannequin did not have any joints in the body, that is, the arms and legs could not be moved. The driving mechanism could move the mannequin as a whole in the pitching, heaving and rolling motions. However, it is not sufficient to merely measure the fluid forces in order to fully clarify its characteristics. For better understanding of the characteristics, modeling based on a formulation is necessary. The authors' group has already modeled the fluid forces acting on the limbs, which was measured using a robot arm 5) . Therefore, the second objective of this study was to model the unsteady fluid forces measured in the experiment using the swimmer mannequin robot. For the modeling, the swimming human simulation model "SWUM," which has been developed by the authors' group 6) 7) , was utilized. To date, various analyses using SWUM have been conducted and its validity has been confirmed as well 8)-14) . The modeling of the present study also contributes to the improvement of the accuracy of SWUM. Such a highly accurate model will be useful for various mechanical analyses of swimming in the future. In this paper, the experimental method including the swimmer mannequin robot is described in §2. The modeling method including the formulation of the fluid forces in SWUM is explained in §3. The results and discussion are presented in §4. The conclusions are summarized in §5.
Note that the effect of moving upper and lower limbs on the flow field around the trunk was neglected in the present study since the upper and lower limbs of the swimmer mannequin could not move unlike the actual swimmer. Although this effect is considered as secondary, the detailed investigation for this effect will be the next step.
Experimental Method

Swimmer mannequin robot 2.1.1. Swimmer mannequin
A swimmer mannequin was manufactured for the experiment. The scale of the mannequin was selected as 1/2 (half scale) since the full scale was too large due to the limitation of the power of the driving mechanism, which is described in the next section. To begin with, the 3D shape of a swimmer was measured. The subject swimmer was a top-ranking Japanese male swimmer. His stature and weight were 1.79m and 72kg, respectively. The swimmer took a gliding position, and his upper and lower halves of his body were scanned respectively by a Whole Body 3D Scanner (WB4 Scanner, Cyberware Inc., USA). After the scanning, these data were composed into one whole body. The obtained 3D shape of the swimmer is shown in Fig.1 . Using Rapid Prototyping technology, plastic shells of the swimmer were constructed from the obtained 3D shape. The inside of the shells were filled with plaster, as well as several steel shafts for reinforcement, and styrene foam for buoyancy. The constructed swimmer mannequin is shown in Fig.2 . Note that two horizontal pipes were embedded in order to pierce shafts for mounting on the driving mechanism. The total length (from the hand tip to the toe), weight, and the specific gravity of the mannequin were 1.20m, 10.6kg and 1.19, respectively.
Driving mechanism
A driving mechanism for the swimmer mannequin was developed for the present study. The photographed driving mechanism and its drawing are shown in Fig.3 and Fig.4 , respectively. As shown in Fig.3 , four struts were connected to the two shafts which were fixed to the swimmer mannequin. When the mannequin performed the rolling motion, the right two (anterior and posterior) struts and left ones move upward and downward in opposite phase. When the mannequin performed the combination motion of heaving and pitching, the anterior two (right and left) struts and posterior ones move upward and downward in different phases. These motions were driven by three AC servo motors. The minimum/maximum angle of the rolling was ± 30 degrees. The minimum/maximum heave (up and down) displacement is ± 100mm. The time curves for these angle and 
Experimental conditions
The swimming motions for the four strokes (crawl, back, breast and butterfly) were reproduced in the experiment. For crawl and back strokes, the rolling motion was performed. For the breast and butterfly strokes, the combined motions of heaving and pitching were performed. These aimed to reproduce the main components of the trunk motion in the respective swimming strokes. The input angles of these motions were created based on movies of an actual swimmer 15) . In the movies, the scenes shot from the front of the swimmer were used for the roll, while the scenes shot from the side were used for the heave and pitch. The displacements and angles for each time frame of the movie were computed from the coordinates of the points which corresponded to the locations of the shafts of the mannequin. These points were determined by manually digitizing, that is, manually clicking the points on the images. On the computation of the heave displacements, the known stature of the swimmer was used for the reference with respect to length. The time curves of the input roll angles for the crawl and back strokes are shown in Fig.6 . The dark blue dots and lines represent the measured angles which were calculated from the movies. The pink dots, on the other hand, represent the actual angles input to the driving mechanism, in which the unnecessary fluctuations due to the measurement error were eliminated and simplified. In Fig.6 (a), it can be seen that the measured angles in the latter half became larger than those in the first half because of the breathing motion. Therefore, the amplitude in the first half (non-breathing side) was taken for the input angles. The time curves of the heave displacements and the pitch angles for the breast and butterfly strokes are respectively shown in Fig.7 and Fig.8 . Note that the heave displacements at the anterior shaft of the swimmer mannequin are depicted in Fig.7 . The heave displacement was defined as zero at the water surface. The pitch angle was defined as zero when the two shafts of the mannequin were horizontal. The actual depths of the swimmer mannequin in the experiment were determined so that the projecting magnitudes of the back of the swimmer mannequin from the water surface became the same as those in the movies of an actual swimmer as possible.
In the experiment, the amplitudes of these motions were variously changed. For this purpose, the 'amplitude ratio' was defined so that it becomes 1.0 when the amplitude of the motion input to the driving mechanism is equal to the simplified one, which is shown in Figs.6 to 8. For example, if the amplitude ratio is 0.5 for the roll in the crawl, all the input angles are half of the ones shown in Fig.6(a) .
Two conditions were considered for the motion cycle and the flow velocity of the circulating water tank. The first one is called 'half velocity.' Under this condition, the flow velocity was determined as simply the halved value of the swimming speed for the actual (full scale) swimming, which was also calculated from the movie of an actual swimmer. The motion cycle, on the other hand, was equal to the actual swimming in this condition. The second condition is called 'Froude similarity.' Under this condition, the flow velocity and motion cycle were determined so that the Froude number of the experiment became equal to that of the actual swimming. Therefore, the flow velocity as well as the motion cycle could be obtained as those of actual swimming divided by 2 .
Ten stroke cycles were performed by the mannequin in each experiment. By eliminating the beginning two and the last two cycles, the intermediate six cycles were used for the evaluation. The six curves of the measured forces for the six cycles were averaged and low-pass filtered to eliminate the unnecessary noise.
Modeling Method
Formulation of fluid forces
In SWUM, the swimmer's body is modeled as a series of body segments. Each body segment is represented as a truncated elliptic cone. The inertial force due to added mass of the fluid, the drag force normal and tangential to the longitudinal direction, and buoyancy are taken into account. Each truncated elliptic cone is divided into thin elliptic plates along the longitudinal axis, as shown in Fig.9(a) , and all fluid force components except buoyancy are assumed to act at the center of each plate. Buoyancy, on the other hand, is calculated by integrating the pressure due to the gravitational force acting on each tiny quadrangle, into which the edge of the thin elliptic plate is again divided in the circumferential direction, as shown in Fig.9(b) . The unit vectors in the directions of the ellipse's two axes, their half-lengths, and the thickness of the plate are respectively denoted as e 1 , e 2 , r 1 , r 2 and dl as shown in Fig.9(c) . In addition, the normal component of the acceleration vector of the center of the ellipse in inertial space, that is the component which is perpendicular to the longitudinal axis, is denoted as a n . Thus the inertial force, F a , due to the added mass is assumed to be given by: where C a is the coefficient for the added mass effect which becomes 1.0 in a two-dimensional ideal fluid. This coefficient is used to correct the fluid forces for a three-dimensional real fluid. The coefficient ε f , defined below, represents the 'submerged fraction' of the plate.
If the absolute velocity component of the elliptic plate's center normal to the longitudinal axis is denoted by v n , the drag force in the normal direction, F n , is assumed to be given by: (2) where C n is the drag coefficient for the normal direction. In Eq.(2), the normal absolute velocity component, v n , is decomposed into components along the plate's two axes, respectively. The fluid forces proportional to the squares of the velocities in both directions are then computed. Therefore, the resultant fluid force corresponds to the sum of the 'lift' and 'drag' components. Note that the coefficient p represents the effect of ellipse flatness on the fluid forces. The coefficient p was determined to be 1.0 in a previous study 7) .
Next, if the absolute velocity component of the elliptic plate's center tangential to the longitudinal axis is denoted by v t , and the ellipse's circumference by c, the drag force in the tangential direction, F t , is assumed to be given by:
where C t is the drag coefficient for the tangential direction. This equation represents the Buoyancy is calculated by integrating the pressure, F b , due to gravity acting on the tiny quadrangles, as shown in Fig.9(b) . When the area of the quadrangle, the vector normal to the quadrangle, and z coordinate of the quadrangle center are respectively denoted as ds, e n , and z q , the pressure force, F b , is given by:
where g represents the gravitational acceleration. Since the pressure force F b does not act above the water surface, each tiny quadrangle is classified as to whether it is below the water surface or not, i.e., whether z q < 0 is true or not, where z = 0 represents the water surface. The pressure force F b is assumed to act only on the quadrangles classified as being below the water surface, as schematically shown in Fig.9(d) . The black points represent the centers of the quadrangles. The shaded quadrangles are classified to be below the water surface and the nonzero force F b on them is thus calculated. Since this classification is performed in the simulation program by dividing the elliptic plate into tiny quadrangles in the circumferential direction, the ratio (number of quadrangles where z q < 0 holds)/(number of all quadrangles) can be calculated for each elliptic plate. In the present model, this ratio is called the 'submerged fraction,' ε f . This is a factor in the inertial force of the added mass, and the drag force in the normal and tangential directions, as already shown in Eqs. (1), (2) and (3).
Modeling of swimmer mannequin
The simulation model of the swimmer mannequin was constructed on SWUM. The body geometry in the simulation was represented by the 21 truncated elliptic cones in SWUM, whose dimensions were determined as consistently as possible with the actual mannequin. The constructed model is shown in Fig.10 . Note that the two horizontal shafts were also modeled, as shown in Fig.10(b) , since the fluid forces acting on them could not be neglected. The same movements as the experiments were performed by the swimmer mannequin in the simulation as well. That is, the vertical displacements and the roll angle of the two shafts were input to the simulation. Note that the effect of surface material of the mannequin on the fluid force was represented by the fluid force coefficient C t in the simulation, which had to be determined using the experimental results.
Method of identification of fluid force coefficients
Since the fluid force coefficients of C n (normal drag force) and C a (inertial force due to added mass) for the upper and lower limbs have been identified in the previous study using a robot arm 5) , the coefficients of C t (tangential drag force) for the whole body as well as C n and C a for the trunk (including head) were identified in this study. In addition to this, since only the roll motions were given in the crawl and backstroke, the tangential drag force (the term of C t ) was considered to be dominant, while the normal drag force (the term of C n ) as well as the inertial force due to added mass (the term of C a ) were considered to be small in this case. Therefore, the coefficient of C t was identified using the experimental results of the crawl and backstroke. In the breast and butterfly stokes, on the other hand, the normal drag force and the inertial force due to added mass were considered to be large since the heave and pitch motions were large. Therefore, the coefficients of C n and C a were identified using the experimental results of the breast and butterfly strokes. These fluid force coefficients were determined using the optimizing calculation so that the simulated values became as consistent as possible with the experimental ones. For example, the objective function for the identification of C t was defined as:
The symbols by the four dynamometers, and next deducting the inertial force acting on the mannequin. For this procedure, an experiment to measure the inertial force acting on the mannequin was carried out. In this experiment, the swimmer mannequin was driven on land in the same motions as those in the water, and the measured values were regarded as the inertial forces. This procedure was necessary because the inertial force became comparable to the fluid force in the experiment.
Results and Discussion
Results of identification of fluid force coefficients
The results of the identification for the fluid force coefficient, C t , are shown in Table 1 . Note that the amplitude ratio of 1.0 could not be performed due to the limitation of the power of the driving mechanism. In most cases except for Ba4, it was found that the identified values were within 0.025 -0.035. Therefore, the unified value of 0.0285 was obtained as the average of the values for all cases. The results of identification for the fluid force coefficient C n and C a are shown in Table 2 . Note that the unified value of C t = 0.0285 was used for all cases of the simulations for identification. Although the values varied widely both for C n and C a (C n : 1.341-6.439, C a : 0.121-0.641), the unified values of C n = 3.11 and C a = 0.393 were calculated as the average of the values for all cases.
By this unification, there was a possibility for increase in the modeling error since the unified coefficients were different from the identified ones optimum for each case. Therefore, the precision of the fluid forces calculated with the unified coefficients as well as those identified for each case were examined. For this purpose, the index of the precision, P, was defined as:
The above equation is an example with respect to the fluid forces in the z direction. The Table 3 . As shown in this table, it was confirmed that the precision almost did not decrease as a result of the unification. Therefore, the fluid force coefficients were finally determined in the present study as: C t = 0.0285 (for the whole body), C n = 3.11 and C a = 0.393 (for the trunk). The reason why the precision did not decrease despite the large variation of C n and C a as shown in Table2 may be because the contribution of the upper and lower limbs to the fluid force was larger than that of the trunk.
The fluid force coefficient of C t = 0.0285 is supposed to be within the reasonable range since it is only 20% lower than the previous value of 0.036 (7) . However, the coefficient C n = 3.11 is considered to be significantly large. It is much larger than the generally known values, such as 1.2 for a two-dimensional cylinder and 2.0 for a two-dimensional plate. One possible reason is that the wave-making drag affects the fluid forces not only in the horizontal direction, but also in the vertical one. The coefficient C a = 0.393, on the other hand, is considered to be smaller than 1.0 for the two-dimensional ideal fluid around a cylinder. A possible reason is the complexity of the flow around the trunk due to its complicated shape.
Results of time variations of the fluid forces
Using the fluid force coefficients determined in the previous section, comparison of the time variations for the fluid forces between the simulated and experimental values were carried out. Examples of the results are shown in Fig.11 for F x as well as Figs.12 and 13 for F x and F z , respectively. These are the cases where the amplitude of the motion was maximum in each stroke. The abscissas represent the nondimensional time normalized by the stroke cycle, that is, where t* = 0 -1.0 corresponds to one stroke cycle. The roll or pitch angles are also drawn in the figures. As described in Section 2.3, the experimental curves (a) Crawl (Cr2) (b) Backstroke (Ba2) Fig.11 The unsteady fluid forces of F x for crawl and backstroke were the average for six stroke cycles. The significant variation among six cycles could not be seen for all the cases. From Fig.11 , it can be found that the simulated fluid forces in the x direction for the roll motions could reproduce the overall characteristics of the time variations, such as the temporal increases when the roll velocity becoming maximum (t* is around 0 and 0.5). The discrepancy between the simulation and experiment was larger for the backstroke than the crawl. A possible reason for this is the flow around the swimmer mannequin in the backstroke became more complicated than that in the crawl. For the breaststroke, it was found that both F x and F z of the simulation were sufficiently consistent with those of the experiment, as shown in Fig.12 . It can be seen that both F x and F z reached their maximums at t* = 0.25, which is the late phase of the breathing motion. Note that the reason why the simulated values do not become smooth curves is that not the smoothed reference values, but the actual measured ones of the swimming motion, were used for the simulations. For the butterfly stroke, as shown in Fig.13 , it can be found that F z of the simulation seems consistent with that of the experiment, while the discrepancy becomes somewhat larger with respect to F x , especially at t* = 0.7-0.9, although its absolute value was small (2-3N). This small discrepancy occurred although F z could be predicted relatively accurately by the simulation, as shown in Fig.13(b) . The good prediction in F z means that the reason for the discrepancy in F x was not due to the inappropriate fluid force coefficients. The possible reason for the discrepancy, therefore, is mechanical error of the driving mechanism inducing error in pitch angle. Since the horizontal component of the vertical fluid force is proportional to the sine of the pitch angle, a small error in the pitch angle can induce a relatively large error in the fluid force in the horizontal direction.
From the above discussion, the overall performance of the simulation to predict the time variation of the fluid forces can be said to be satisfactory. 
Conclusion
In this study, the unsteady fluid forces acting on a swimmer was measured using a swimmer mannequin robot. The fluid forces were then modeled based on the formulation of the swimming human simulation model SWUM. Findings are summarized as follows:
(1) The unified fluid force coefficients in the model could be determined by averaging those identified for each case. It was confirmed that the precision of the model almost did not decrease as a result of the unification.
(2) The coefficient for the tangential drag force was determined to be 0.0285. This value is 20% lower than the previous value used in SWUM.
(3) The coefficient for the normal drag force was determined to be 3.11. This value is significantly larger than the conventional value.
(4) The coefficient for the inertial force due to added mass of the fluid was determined to be 0.393. This value is smaller than the conventional value.
(5) The overall performance of the simulation using the determined fluid force coefficients to predict the time variation of the fluid forces was satisfactory.
With respect to (3) and (4), the deviations of the coefficients from the conventional values do not necessarily mean the failure of the identification since the experimental fluid forces can be reproduced well using these values, as described in (5) . However, the detailed explanation for these values will be the important future task.
The fluid force model developed in the present study can be utilized for the estimation of the fluid force acting on the swimmer. Such estimation will be utilized for various purposes. For example, the evaluation of individual swimming form with respect to the thrust generation can be possible. Such evaluation will provide the useful feedback to athlete swimmers for the improvement of their performance.
